■' BEST AVAILABLE COPY 

J. gen. Virol. (1989), 70, 2953-2961. Printed in Great Britain 2953 
Key words: RSV I attachment protein/ epitope mapping/animal protection 

Comparison of Antigenic Sites of Subtype-specific Respiratory Syncytial 

Virus Attachment Proteins 

By EDWARD E. WALSH, 1,2 * CAROLINE B. HALL 1 
JACOB J. SCHLESINGER,'- 2 MICHAEL W. BRANDRPSS 12 
STEPHEN HILDRETH 3 and PETER PARADISO 3 
University of Rochester, School of Medicine and Dentistry, Rochester, New York 14642 
2 The Rochester General Hospital. Department of Medicine, 1425 Portland Avenue 
Rochester, New York 14621 and ^Praxis Biologies, 30 Corporate Woods, Rochester, 

New York 14623, U.S.A. 

(Accepted 9 July 1989) 

SUMMARY 

A panel of 19 monoclonal antibodies (MAbs) were used to probe the antigenic 
relationships between the G (attachment) proteins of A and B respiratory syncytial 
virus (RSV) subtypes (G A and G B ). At least three and two antigenic sites were present 
on G A and G B) respectively, including a shared neutralizing site. Most of the antibodies 
had some degree of complement-independent neutralizing capacity, but in common 
was a large neutralization-resistant fraction of virus (range 13 to 78%). Passive 
administration of MAbs to the cross-reactive antigenic site reduced pulmonary virus 
titres of both A and B subtype virus in the cotton rat model. Protection with subtype- 
specific MAbs, however, did not always correlate with in vitro neutralizing capacity. 
The cross-reactive antigenic site appears to be stable to denaturation by polyacryl- 
amide gel electrophoresis and is present on the unglycosylated and partially 
glycosylated forms of G A and G B by Western blot analysis of infected cell lysates/} 

INTRODUCTION 

Respiratory syncytial virus (RSV), a negative-strand RNA virus of the paramyxovirus family, 
is the leading cause of severe lower respiratory tract infection in infants (Kim et ai, 1973). The 
viral genome encodes 10 proteins including two envelope glycoproteins which subserve 
attachment and penetration functions (Huang et ai, 1985). The attachment protein (G) has a 
protein backbone of 298 amino acids with an M T of 32K but migrates by PAGE with an M t of 
84K to 90K because of extensive Olinked and JV-linked glycosylation (Wertz et al., 1985 ; Levine 
et al., 1987). Viral penetration into cells and cell-to-cell spread of virus is mediated by the 70K 
fusion protein (F), a typical paramyxovirus fusion protein composed of disulphide-linked 
fragments, F, (48K) and F 2 (23K) (Walsh & Hruska, 1983). Neutralizing epitopes are present on 
both F and G proteins and, thus, are candidates for use in a subunit RSV vaccine (Walsh & 
Hruska, 1983; Walsh et al., 1984). Immunization of cotton rats with purified F or G protein 
confers protection from challenge with RSV (Walsh et al., 1987a). 

Recently, two antigenically distinct subtypes of RSV, designated A and B, have been 
described independently from several laboratories (Anderson et al., 1985; Mufson et al, 1985; 
Storch & Park, 1987). Both antigenic and structural differences between subtypes have been 
described for several RSV proteins, including G and F (Ward et ai, 1984; Norrby et al., 1986; 
Walsh et al., 19876; Morgan et al., 1987). The most significant antigenic difference between A 
and B subtypes, however, resides on the G protein where amino acid homology is only 53 % and 
antigenic relatedness is 5% (Walsh et ai, 19876; Johnson et al., 1987a). Mufson et al. (1985) 
reported that only one of six monoclonal antibody (MAb>defined epitopes on G was present on 
RSV isolates of both subtypes. Additionally, convalescent human antisera and rabbit polyclonal 
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antisera to affinity-purified G from either subtype has little cross-reactivity, and neutralization 
is essentially subtype-specific (Walsh et aL, 19876; Johnson et aL, 19876; Hendry et aL, 1988). 
Consistent with these findings, immunization of cotton rats with a vaccinia virus vector 
expressing A subtype G (G A ) provided primarily subtype specific protection (Stott et aL, 1987; 
Johnson et aL, 19876). In contrast, the F protein has a high degree of structural and antigenic 
homology between subtypes (Johnson & Collins, 1988). Thus it has been suggested that an 
optimal subunit RSV vaccine should contain G proteins representing both RSV subtypes and a 
single F protein. 

In order to explore further the antigenic relationship and identify neutralizing epitopes on the 
G proteins, we analysed purified G protein from A and B subtypes (G A and G B ) with a panel of 
MAbs. The results have identified a single neutralizing protective site, common to the G protein 
of both A and B subtypes. 

METHODS 

Virus and cells. HEp-2 cells were maintained in minimal essential medium (MEM) supplemented with 5% foetal 
calf serum (FCS), 1 mM-glutamine, penicillin and streptomycin. The Long and 18357 strains of RSV, laboratory 
prototypes of A and B subtypes respectively, were grown in HEp-2 cells and frozen at — 70 °C until use. 

Purification of G proteins. The G proteins from Long and 18537 virus, designated G A and G B respectively, were 
purified by immunoaffinity chromatography as previously reported (Walsh et aL, 1984, 19876). 

Production of MAbs. Eleven MAbs were produced by two intraperitoneal immunizations of BALB/c mice with 
10 ug of purified G B with Freund's adjuvant, followed by fusion of spleen cells with X63/Ag8 .653 myeloma cells as 
previously described (Walsh & Hruska, 1983). These MAbs are designated with the prefix C. In a similar fashion, 
six MAbs to G A were produced and are designated with the prefix K. Two previously described MAbs (L7 and 
L9), produced by intranasal immunization with live Long RSV, were also used (Walsh & Hruska, 1983). All 
hybridomas were screened by indirect immunofluorescent assay (IFA) on infected HEp-2 cells (utilizing the 
homologous strain) and further characterized by enzyme immunoassay (EIA) and Western blotting against RSV 
proteins. Immunoglobulin type and subtype were identified by Ouchterlony double diffusion with mouse subtype- 
specific antisera (Meloy and Litton Bionetics). The concentration of MAb in ascites was determined by 
electrophoresis on cellulose acetate membranes, followed by scanning densitometry. 

Virus neutralization. Neutralization of Long and 1 8537 RSV was performed by a plaque reduction assay. Briefly, 
50 to 100 p.f.u. of virus were mixed with MAb (ascites for all MAbs except K5 and K9 in which ammonium 
sulphate-precipitated cell culture supernatant was used) for 30 min and then plaqued on monolayers of HEp-2 cells 
in 24-well plates. Neutralization was recorded as percentage plaque reduction compared to a control MAb (anti- 
17D yellow fever virus E protein). Complement was not added to the antibody-virus mixture. 

PAGE and Western blots. PAGE and Western blots were performed as previously described using infected 
HEp-2 cell lysates as the antigen (Walsh et aL, 1984). 

Competitive binding assay (CBA). MAbs were ammonium sulphate-precipitated from mouse ascites and labelled 
with biotin according to a published method (Wagener et aL, 1983). Purified G A or G B in bicarbonate buffer 
(pH 9-6) was absorbed to EIA plates (Dynatech Immunlon-2) at 25 ng/well overnight at 4 °C. The wells were 
washed with phosphate-buffered saline (PBS) and then incubated for 2 h with predetermined concentrations of 
biotinylated MAbs and an excess of unlabelled competitor MAbs (50 ug) in PBS^O-5 M-NaCI-2% horse serum. 
MAb-binding avidity studies were initially performed and the concentration of unlabelled competitor ensured that 
epitope saturation was maximal. The plates were washed, and horseradish peroxidase (HRPO)-avidin was added 
for 1 h, followed by substrate. Plates were read using a Dynatech MR600 microplate reader. The degree of 
competition was arbitrarily defined as the following : <25%; ±,25 to 60%; +, >60%;|, > 100% increased 
binding. 

Animal protection experiments. Adult cotton rats (100 to 230 g) were anaesthetized with penthrane and injected 
intraperitoneally with MAb (2 ug/g body weight) in groups of four (experimental) or five (control groups). One h 
later the animals were intranasally infected with 10 5 p.f.u. of either Long or 1 8537 RSV. On day 4 the animals were 
exsanguinated under penthrane anaesthesia, and the lungs removed under sterile conditions, weighed and 
homogenized in MEM-5% FCS. The homogenates were fast-frozen and stored at -70 °C. Virus titrations were 
performed on HEp-2 monolayers in quadruplicate and the titres recorded as TCID 50 /g lung tissue. Endpoint titres 
were confirmed by IFA for RSV antigen on the first negative wells. 

RESULTS 

A total of 19 MAbs were available : six from immunization with G A , 1 1 by immunization with 
G B and two by immunization with live Long RSV. All but three MAbs (L7> L9 and K6) were 
RSV subtype-specific by indirect immunofluorescence on infected HEp-2 cells or by EIA using 
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Antigenic sites on RSV G proteins 
Table 1. Summary of IF A, EI A and plaque reduction assays 
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purified G in the solid phase (Table 1). Western blot analysis confirmed that L7, L9 and K6 
react w.th both the Long and 18537 G proteins (Fig. la to c). In addition, K8 weakly cross 
reacted with G B by Western blot, although not by IFA or EIA. 

Differing patterns of reactivity to the G proteins were evident by Western blot using infected 
cell lysates as the antigen. Electrophoresis of both intrinsically radiolabeled and purified G 

r c l e hL^r e T h mU,tl S le ^ M < bandS ranging fr ° m 32K to 50K presenting the protein 
backbone (G 32 ) and partially glycosylated forms of G (G 4S _ 50 ) which electrophorese in a ladder- 
hke pattern (Lambert 1988; Fernie et al, 1983). MAbs Kl, K2, K5 andK9 reacted almost 
exclusively with the fully glycosylated form of G (G 90 ), while K6, K8, L7 and L9 also reacted 

and 50^ T gly K T? h Smaller ^ ° f °- ThC M < V ^ lueS ° f these bands ranged between 25K 
and 50K and probably represent partially glycosylated forms of G, as described above. Among 

the G specific MAbs, CI, C4, CI 1 and C14 had an identical pattern and reacted more strong 

with G 32 than with G 90 . C6 and C8 reacted almost exclusively with G 90 , as did K8 and the 

remaining MAbs reacted at least weakly with the partially glycosylated "precursors as well as 

with G 90 . L7 reacted strongly with many forms of G B , similar to its reactivity with G A 

The results of neutralization tests performed by plaque reduction assays with 1 : 50 dilutions of 

MAb without comp etent added, are shown in Table 1. At least 50% neutralization of Long 

RSV was noted for L7, L9, K2, K6 and K8. With all MAbs tested, a sizeable, persistent non 

neutrahzable fraction remamed even at very low dilutions of MAbs. This is distinctly differed 

from our experience with MAbs to F protein in which nearly complete neutralization at ow 

MAb dilutions .s the rule (unpublished observation). This partial neutralization persisted I a t aH 

dilutions up to 1 : 1600 for each of the indicated MAbs (Table 1), except K2 wh^Sndted 

only at the lowest dilution tested. K1,K5 and K9 also neutralized Long RSV, although to a much 

C8° r cirrn Xte , n r^ m e , degree ,° f neutralization of 18537 RSV wafnoted for Cl, C3 C4 C7 
5 J 3nd ' Similar to ^ RSV ' con sistently left a sizeable non-neutralized 

and Wef ° St M f ,ficant , was ; hat L? ' L9 and K6 > the three ^Abs cross-reactive by EIA FA 
and Western blot, neutralized both the Long and 18537 RSV strains well 

mS V l^C n8 TI S V U< !l eS Pe , rf0rmed 10 determine e P itQ P e S P ecificit y of the 

MAbs on G A and G B . Unfortunately, biotmylation altered binding of some of the MAbs and 
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Fig. 1. MAb reactivity with RSV 
proteins by Western blot. Lysates 
of HEp-2 cells were separated by 
PAGE and transferred to nitrocel- 
lulose paper. The paper was cut 
into strips and incubated with a 
1 :200 dilution of MAb ascites. M T 
markers are in the right-hand lane, 
(a) MAb reactivity with Long (sub- 
type A) RSV, (b) MAb reactivity 
with 18537 (subtype B) RSV, (c) 
MAb reactivity with uninfected 
HEp-2 cells (control). 
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Table 2. Competitive binding assays of MAbs to G A 
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Table 3. Competitive binding assays of MAbs to Cr, 
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* K8 bound to G B only in the presence of specific MAbs. 

t -, <25% competition; +, 25 to 60% competition; +, >60% competition; |, > 100% increased binding. 



thus, complete bidirectional competition studies could not be performed. The loss of binding 
activity did not correlate with the binding avidity of the native MAb. Results of competition 
assays with G A are shown in Table 2. At least three non-overlapping antigenic sites on G A were 
defined (designated Al, A2 and A3). Four of the MAbs neutralizing the Long strain most (L7, 
L9, K6, and K8) recognize a single antigenic site on G A (Al), whereas K2 recognizes a separate 
site (A2). Kl, K5 and K9, although not successfully biotinylated, probably bind to at least one 
other distinct antigenic site (A3) since they do not compete with any of the biotin-labelled 
MAbs. 

Results of binding studies with G B are shown in Table 3. The three MAbs that cross-react by 
IFA, neutralization and Western blot (L7, L9 and K6) also bind to a single site on G B 
(designated site Bl), similar to their reactivity with G A . Overlapping this antigenic site is a 
group of four G B -specific MAbs (C7, CIO, C12 and C13) which compete bidirectionally with L7, 
L9 and K6 on G B . MAb C3 is also associated with this site but, paradoxically, enhances the 
binding of L7, L9 and K6, and interestingly allows K8 binding to G B . K8, which does not bind 
to G B when incubated alone, also binds to G B in the presence of several other G B -specific MAbs 
(CI, C4, C6 and C8). Since K8 neutralizes subtype A RSV (Long strain) relatively well (48% at 
1 : 1600 dilution), it was of interest to determine whether C3, a weak neutralizer of strain 18537 
(24%), or C4, a better neutralizer (70%), would synergistically neutralize 18537 RSV when 
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Fig. 2. Synergistic neutralization of 18537 RSV. A 1 :50 dilution of each MAb was mixed with an equal 
dilution of an irrelevant MAb (51 is a 17D yellow fever virus MAb) or with another G-specific MAb, 
and incubated with 100 p.f.u. of 18537 RSV. The percentage neutralization was calculated by plaque 
reduction for each combination. 
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combined with K8. Experiments confirmed that mixtures of C3 and K8 resulted in enhanced 
neutralization of 18537 RSV (Fig. 2) but only slight enhancement of C4 neutralization was 
noted. The correlation between enhanced binding and enhanced neutralization was not always 
true, since minimal synergistic neutralization of 18537 RSV was noted when the non- 
neutralizing MAb C6 was mixed with K8, despite the fact that C6 also permitted binding of K8 
to G B in the solid-phase assay. 

Unfortunately, biotinylated MAbs CI, C4, C6, C8, Cll and C14 did not bind to G B 
sufficiently well to perform competition studies and thus the exact number of other antigenic 
sites present on G B cannot be definitely determined. However, the Western blot patterns of Cl, 
C4, CI 1 and C14 (reacting principally with G 32 ) and C6 and C8 (which react principally with 
G90) suggest that two additional antigenic sites may be present. 

In order to determine whether the cross-reactive neutralizing MAbs provided protection from 
challenge with both RSV subtypes, cotton rat protection studies were performed. Passive 
administration of L7, L9, K6 and K8 provided significant pulmonary protection from challenge 
with Long RSV, whereas K9 (a weak neutralizer) and K2 (a neutralizer only at high 
concentration) did not confer resistance (Fig. 3a). Of note, L7, L9 and K6 also provided sig- 
nificant pulmonary protection from 18537 RSV challenge (Fig. 36). In addition, all of the G B - 
specific MAbs tested significantly reduced 18537 RSV replication. In this case, protection was 
not related to neutralizing capacity in vitro since a non-neutralizer (C14) also reduced lung virus 
titres. Therefore, it may protect animals by complement-enhanced neutralization or by 
antibody-dependent cell-mediated cytotoxicity, as has been demonstrated in MAb-induced 
passive protection in mice (Taylor et al. 9 1984). In an attempt to extend the in vitro synergistic 
neutralization by C4 and K8 to the animal model, cotton rats were passively administered C4 
alone, K8 alone, and C4 plus K8 prior to challenge with 18537 RSV. Pulmonary virus titres in 
animals given K8 were similar to control animals (5-8 log 10 compared to 5*6 log 10 ) and C4 alone 
markedly reduced viral titres (3-6 log 10 , P = 0 005). The addition of K8 to C4 significantly 
reduced pulmonary titres even further (2*2 log l0 , P = 0 05 compared to C4 alone). 
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Fig. 3. Cotton rat protection from a subtype A (Long) RSV (a) and subtype B (18537) RSV (b) challenge. 
Groups of cotton rats were injected intraperitoneally with MAbs (2 ug/g body weight) 1 h prior to 
challenge with 10 s p.f.u. of the designated virus. MAb 51 is a 17D yellow fever envelope glycoprotein 
MAb. At day 4, the lungs were homogenized and viral titres were determined. Results are reported as 
means ± s.E. P values above each bar were calculated by Student's Mest; ns, not significant. 



DISCUSSION 

The development of an effective vaccine for RSV has been elusive, with both live-attenuated 
and killed vaccines proving unsuccessful. Although the role of immune mechanisms in human 
diseases has not been clarified, a large body of information has been developed regarding the 
antigenic and functional properties of RSV envelope glycoproteins. The fusion protein (F) and 
the attachment protein (G) have been identified as important targets of the immune system, 
specifically humoral immunity. It is therefore critical to understand the antigenic relationships 
between the envelope glycoproteins of the two major subtypes of RSV. Previous studies have 
shown that the F proteins of A and B subtypes are structurally and antigenically similar, and that 
immunization of mice with vaccinia virus recombinants expressing A strain F conferred 
protection from challenge with A and B subtype viruses (Stott et al., 1987; Johnson et a/., 1987a). 
These results suggest that a subunit RSV vaccine containing an F protein from either subtype is 
likely to induce cross-protective immunity. Conversely, the structural and antigenic relatedness 
of the two subtype G proteins, is low. We have previously shown that polyclonal monospecific 
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rm J I T ° A ° r °£ haS htt,e cross - reactivit y ^ EIA or Western blot and virtually no 
? g ° apaCIty - Gons,stent with ^is, Stott et al. (1987) and Johnson et al. (1987a) 
noted that vaccinia v,rus recombinants expressing G A provided significantly less protection in 
both mice and cotton rats from B subtype virus challenge than from homologous virus challenge. 

In the work presented here we have explored the antigenic relationships of subtype-specific 
G protems in more detail. Of 19 MAbs, all but three were subtype-specific, and at least three 
unique antigenic sites were present on G A and two on G B . Sites Al and A2 on G A were both 
neutralizing sites, and antibody binding to site Al provided protection in the cotton" rat model 
MAbs defining both antigenic sites on G B are neutralizing, although not all MAbs directed to 
these sites neutrahzed the virus in vitro. Importantly, however, passive administration of both 
protecdoh " ng aDd neutrallzin g antibodies directed against these sites did provide in vivo 

, JSlT! 'If ifiCant finding WaS ° f 3 Common cross -neutralizing antigenic site (Al and Bl) 
2ih^v f ? h I' SltC Pr ° V,ded , S,gnifiCant cross -P rotec tion. This was surprising since polyclonal 
antibody failed to cross-neutralize virus in vitro and active immunization with vaccinia virus G. 

JfflS 1 T y T 8mal cross ;P r f L ection (W^h et al., 19876; Stott et al., 1987; Johnson et al 

^Jm^v^^f l. L7 ' L9 ^ K6 apPCar t0 bC Stable under the denaturing 
effects of SDS-PAGE and Western blotting and appear not to be carbohydrate-dependent since 

SfSSSSf"" 1 * ( ' L9 ' K6)reC °8ni Z ethe partially glycosylated (G, 2 and G 4 L) formsof 
The precise locations of antigenic sites Al and Bl are unknown. Based upon published 

X n , C 7, data ;, the ?° nSerVed regi ° n ° f Ga and G « is a 13 amino acid stSchCldues 

164 to 176) in the extracellular portion of the molecule and would be a possible site for the cross- 
reactive epitope Johnson et al., 1987a). Approaches to determine the specific epitope include (i) 
ZTLTk yS - S u° f SltC A1 ° r B1 MAb - resis t*nt mutants, 00 activity of site Al- or Bl' 
3S£ ™I *Wm™\ly or chemically derived fragments of G A or G B and (iii) reactivity 
of these MAbs with synthetic peptides of G A or G B . In a recent report, Norrby et al (1 987) found 
from^iinE 3 ,mm , uniz ed with A or B subtype RSV reacted with synthetic peptides 

However ^ nnTv 8 :T ° f °' mClUding * PCPtide oontainin « P art of the Unserved region. 
AnI I T < ^ ^-reactive MAb tested failed to react with any synthetic peptides. 

tr TlTu ° f SltC 81 WaS that Site * l «P"*** MAb binding was enhanced by 
2 Gb * SPCC1 - ! bS L SU J>* estin e that binding site was better exposed under certain 
G^S^TT Wlth u hl % S ? S treatment ° f °b P fior to PAGE aI1 ™ed K8 to recognize 
refevan- of 2 bl ° tting *.: h ,le K fa,lm S to react by EIA, IFA or neutralization. The biological 

riTnT.8^v a K Cnda S by thC SynefgiStiC in Vitr ° neu tralization and in vivo protection 
against 18537 RSV by combinations of MAbs 

anliwtt^n 'H 686 d T ? eSt that U may be poSsible t0 utilize the coramon Al/Bl 
coSd wfth ti \ ° ad,y Pr0tCC i 1Ve ,mmUnC reSp ° nSe to the G P rotein > ^hich when 
S3£ r T f T may Pr ° V,de the ° ptimal desi 8 n of an R SV vaccine. However, 

«S» W tiT COnfirm , tha 1 t I t u h,S c ; oss - neut rali Z ing, cross-protective antigenic site is present 
II f « f' SmCe 0fVe11 demons fated the existence of antigenic diversity in the G 
protein of B subtype viruses and has subdivided them into Bl and B2 subgroups (Orvell et al., 

ma T ntl a ri?T, WiSh Margaret Eng ' iSh f ° r teChniCal assistance and Joanne Priv <* for preparation of the 

manuscnpt. Th.s work was supported in part by a research gran, from Praxis Biologies, Rochester, New York' 



REFERENCES 

ANDERSON, L J HIERHOLZER, 1. C, TSOU, C, HENDRY, R. M., FERNIE, B. F., STONE, Y 4 McINTOSH K (1985) 

^^T^LT Tmry ^ Vi ™ S S,rainS Wkh -oclon/a„ M ti3S? HSS% 



HU; 
JOH 

JOH 

JOE 

KIN 

LAI 

MO 
MTJ 

no: 
no: 

or 

STC 
STf 

TA" 
WA 

WA 

Wa 

WE 



-I* 

ally no 
1987a) 
tion in 
lenge. 
pecific 
t three 
e both 
Tiodel. 
:ted to 
»f both 
in vivo 

idBl), 

'clonal 
rus G A 
i et al., 
ituring 
it since . 
>rmsof 



Antigenic sites on RSV G proteins 



wJflBlE COPY 

2961 



HENDRY, R. M., BURNS, J. C, WALSH, B. E., GRAHAM, B. S., WRIGHT, P. F., HEMMING, V. G., RODRIQUEZ, W. J., KIM, 

H. w., prince, G. a., Mcintosh, K., chanock, R/M. & murphy, b. R. (1988). Strain-specific serum antibody 
responses in infants undergoing primary infection with respiratory syncytial virus. Journal of Infectious 
Diseases 157, 640-647. 

huang, y. t., collins, p. l. & wertz, G. w. (1985). Characterization of the ten proteins of human respiratory 
syncytial virus: identification of a fourth envelope-associated protein. Virus Research 2, 157-173. 

johnson, p. r. & collins, p. L. (1988). The fusion glycoproteins of human respiratory syncytial virus of subgroups 
A and B: sequence conservation provides a structural basis for antigenic relatedness. Journal of General 
Virology 69, 2623-2628. 

johnson, p. r., spriggs, m. K. f olmsted, r. a. & collins, p. l. (1987 a). The G glycoprotein of human respiratory 
syncytial viruses of subgroups A and B: extensive sequence divergence between antigenically related 
proteins. Proceedings of the National Academy of Sciences, U.S.A. 84, 5625-5629. 

JOHNSON, P. R. f OLMSTED, R. A., PRINCE, G. A., MURPHY, B. R., ALLING, D. A., WALSH, E. E. & COLLINS, P. L. (19876). 

Antigenic relatedness between glycoproteins of human respiratory syncytial subgroups A and B : evaluation 
of the contributions of F and G glycoproteins to immunity. Journal of Virology 61, 3163-3166. 

KIM, H. W., ARROBIO, J. O., BRANDT, C. D., JEFFRIES, B. C, PYLES, G., REID, J. L,, CHANOCK, R. M. & PARROTT, R. H. 

(1973). Epidemiology of RSV infection in Washington, D.C. I. Importance of virus in different respiratory 

tract disease syndromes and temporal distribution of infection. American Journal of Epidemiology 98, 216-225. 
lambert, D. M. (1988). Role of oligosaccharides in the structure and function of respiratory syncytial virus 

glycoproteins. Virology 164, 458-466. 
lbvine, s., klaiber-franco, R. & paradiso, p. R. (1987). Demonstration that glycoprotein G is the attachment 

protein of respiratory syncytial virus. Journal of General Virology 68, 2521-2524. 
morgan, l. a., routledge, e. g., willcocks, m. m., samson, a. c r., Scott, r. & toms, g. l. (1987). Strain variation 

of respiratory syncytial virus. Journal of General Virology 68, 2781-2788. 
mufson, m. a., orvell, c, rafnar, b. & norrby, e. (1985). Two distinct subtypes of human respiratory syncytial 

virus. Journal of General Virology 66, 2111-2124. 
norrby, e., mufson, m. a. & sheshberadaran, h. (1986). Structural differences between subtype A and B strains of 

respiratory syncytial virus. Journal of General Virology 67, 2721-2729. 
norrby, e., mufson, m. a., Alexander, h., houghten, r. a. & lerner, r. a. (1987). Site-directed serology with 

synthetic peptides representing the large glycoprotein G of respiratory syncytial virus. Proceedings of the 

National Academy of Sciences, U.S.A. 84, 6572-6576. 
orvell, c, norrby, e. & mufson, m. a. (1987). Preparation and characterization of monoclonal antibodies 

directed against five structural components of human respiratory syncytial virus subgroup B. Journal of 

General Virology 68, 3125-3135. 
storch, g. a. & park, c. s. (1987). Monoclonal antibodies demonstrate heterogeneity in the G glycoprotein of 

prototype strains and clinical isolates of respiratory syncytial virus. Journal of Medical Virology 22, 345-356. 

ST0TT, E. J., TAYLOR, G„ BALL, L. A., ANDERSON, K., YOUNG, K. Y., KING, A. M. Q. & WERTZ, G. W. (1987). Immune and 

histopathological responses in animals vaccinated with recombinant vaccinia respiratory syncytial viruses 
that express individual genes of human respiratory syncytial virus. Journal of Virology 61, 3855-3861. 

TAYLOR, G STOTT, E. J., BEW, M., FERNIE, B. F., COTE, P. J., COLLINS, A. P., HUGHES, M. & JEBBETT, J. (1984). 

Monoclonal antibodies protect against respiratory syncytial virus infection in mice. Immunology 52 137-142 
wagener, c, clark, b. r., rickard, k. J. a shively, J. E. (1983). Monoclonal antibodies for carcinoembryonic 

antigen and related antigens as a model system: determination of affinities and specificities of monoclonal 

antibodies by using biotin-4abeled antibodies and avidin as precipitating agents in a solution phase 

immunoassay. Journal of Immunology 130, 2302-2307. 
walsh, e. e. & hruska, J. (1983). Monoclonal antibodies to respiratory syncytial virus proteins: identification of 

the fusion protein. Journal of Virology 47, 171-177. 
walsh, e e., schlesinger, j. j. & brandriss, m. w. (1984). Purification and characterization of GP90, one of the 

envelope glycoproteins of respiratory syncytial virus. Journal of General Virology 65, 761-767 

WALSH, E. E., HALL C. B., BRISELLI, M., BRANDRISS, M. W. & SCHLESINGER, J. J. (1987a). Immunization with 

glycoprotein subumts of respiratory syncytial virus to protect cotton rats against viral infection. Journal of 

Infectious Diseases 155, 1198-1204. 
walsh, e. e„ brandriss, M. w. & schlesinger, j. j. (19876). Immunological differences between the envelope 

glycoproteins of two strains of human respiratory syncytial virus. Journal of General Virology 68 2169-2176 
ward, k a., everson, j. s., lambden, p. r. & watt, p. J. (1984). Antigenic and structural variation in the major 

nucleocapsid protein of respiratory syncytial virus. Journal of General Virology 65, 1749-1 757 
wertz, g. w., collins, p. l., huang, y., gruber, c, lbvine, s. & ball, l. a. (1985). Nucleotide sequence of the G 

protein gene of human respiratory syncytial virus reveals an unusual type of viral membrane protein. 

Proceedings of the National Academy of Sciences, U.S.A. 82, 4075-4079. 



(Received 14 February 1989) 



